Granulosa cell tumor (GCT) is a rare and severe form of sex-cord stromal ovarian tumor that is characterized by its long natural history and tendency to recur years after surgical ablation. Because there is no efficient curative treatment beyond surgery, ~20% of patients die of the consequences of their tumor. However, very little is known of the molecular etiology of this pathology. About 70% of GCT patients present with elevated circulating estradiol (E2). Because this hormone is known to increase tumor growth and progression in a number of cancers, we investigated the possible role of E2 in GCTs. Cell-based studies with human GCT metastases and primary tumor-derived cells, ie KGN and COV434 cells, respectively, aimed at evaluating E2 effect on cell growth, migration and invasion. Importantly, we found that E2 did not affect GCT cell growth, but that it significantly decreased the migration and matrix invasion of metastatic GCT cells. Noteworthy, our molecular studies revealed that this effect was accompanied by the inhibition through non-genomic mechanisms of extracellular signal-regulated kinase 1/2 (ERK1/2), which is constitutively activated in GCTs. By using pharmacological and RNA silencing approaches, we found that E2 action was mediated by G protein-coupled estrogen receptor 1 (GPER1) signaling pathway. Analyses of GPER1 expression on tissue microarrays from human GCTs confirmed its expression in ~90% of GCTs. Overall, our study reveals that E2 would act via non-classical pathways to prevent metastasis spreading in GCTs and also reveals GPER1 as a possible target in this disease.
Introduction
Granulosa cell tumors (hereafter referred to as GCTs) are sex-cord stromal tumors which account for ~5% of ovarian tumors. This disease can affect women of all ages, with two distinct clinical presentations, the adult and the juvenile forms (1) . Most juvenile cases are diagnosed early and their prognosis is generally good, though recurrences and metastases have been reported. However, in the adult cases of GCT, 20% of patients die of the consequences of their tumor, with a 5-year survival of advanced oncological stage patients being less than 50% (1) . These tumors have a tendency to late recurrence, with latency after primary tumor treatment of up to 37 years. Chemotherapy has limited success, and surgery remains the main therapeutic approach (2) .
Despite the importance and insidiousness of GCT, very little is known of its molecular etiology. In an effort to identify a specific marker of adult GCTs, Shah and collaborators (3), however, discovered a single recurrent somatic mutation in a Forkhead transcription factor, FOXL2, in 97% of GCT samples from adult patients (Cys134Trp). This mutation may reduce sensitivity to apoptosis and stimulate proliferation of granulosa cells (4, 5) . It may also contribute to overstimulate estradiol (E2) production, a feature that is observed in 70% of patients, through increased expression of the enzyme converting androgens into estrogens, ie CYP19 aromatase (6, 7) . Discovery of the FOXL2 mutation has also brought new tools for improving the diagnosis of GCTs (8) .
In addition to E2, GCTs produce increased amounts of inhibin B and anti-Müllerian hormone, which are both used as serum markers for the diagnosis (9, 10) . However, the hormone that is responsible for most of the clinical signs of GCT, including abnormal uterine bleeding, endometrial hyperplasia and adenocarcinoma is E2 (11) . This hormone, which is mainly produced by the ovary, is known to mediate important physiological responses by binding to nuclear estrogen receptors (ER), ERα and ERβ. In the ovary, it plays a key role by regulating follicular growth and ovulation (12, 13) . Although the expression of ERs is maintained in GCTs, repression of ER signaling by the transcription factor nuclear factor-kappaB (NF-κB) prevents ER-mediated transcription in GCTs, indicating that nuclear E2 signaling would not be functional in these tumors (14) . On the other hand, alternative mechanisms of action of E2 that have been demonstrated in other models have not been evaluated in this type of tumor. Indeed, in addition to regulating gene transcription, the existence of non-genomic mechanisms whereby ERs interact with and regulate the activity of protein kinases has been demonstrated in cell-based studies but also in vivo (15) .
The present report aims at examining the effect of E2 on the growth and metastatic potential of GCT and its molecular mechanisms of action. Through cell-based studies, we demonstrated that E2 inhibited the migration and invasion capabilities of metastatic granulosa cells without affecting cell growth. Our molecular studies revealed that E2 rapidly decreased the activity of extracellular signal-regulated kinase 1/2 (ERK1/2) signaling via non-genomic mechanisms through a non-classical ER belonging to the G protein-coupled receptor (GPCR) family, GPER1 (for G protein-coupled estrogen receptor, or GPR30) (16) . We found this receptor to be expressed in about 90% of human GCT samples spotted on tissue microarrays (TMAs). Overall, our study provides new insights about the possible role and mechanism of action of E2 in GCTs and reveals GPER1 signaling as being a possible target in this disease.
Materials and methods

Reagents and plasmids
Reagents used in this study are described in Supplementary Materials and methods, available at Carcinogenesis Online. The plasmid pTL1-HA2-GPER1 was obtained by amplification of human GPER1 from the plasmid pcDNA3-GPER1-EGFP, kindly provided by Prof. Eric Prossnitz (University of New Mexico, Albuquerque), using the following PCR primers: forward 5′-CCCAAGCTTGCCACCATGGATGTGACTTCC-3′ and reverse 5′-TAGT TTAGCGGCCGCACGTTAGCACCTGCATTACCTACACGGCACTGCTG-3′ with the Pfx50 DNA polymerase. The product was purified (QIAquick PCR purification, Qiagen, Venlo, the Netherlands), cut with HindIII and NotI and ligated with T4 DNA ligase into the plasmid pTL1-HA2. The empty plasmid pTL1-HA-mcs1 was obtained by cutting pTL1-HA2-GPER1 with NotI and BamHI and ligation with a dimer composed of 5′-GATCCCTGCAGGACC GGTCTCGAGAAGCTTACGCGTACTAGTGC-3′ and 5′-GGCCGCACTAGT ACGCGTAAGCTTCTCGAGACCGGTCCTGCAGG-3′.
GPER1-specific and negative control small hairpin RNA (shRNA) plasmids carrying a puromycin resistance gene were obtained from QIAGEN (#336314KH11263P, SureSilencing shRNA).
Cell lines
The KGN cell line is a metastatic granulosa cell line established from an adult patient with recurrent, metastasized GCT in the pelvic region (17) . It harbors the FOXL2 C402G mutation described in most adult GCTs. It was purchased in 2011 from the RIKEN BioResource Center (RBRC-RCB1154, RIKEN Cell Bank, Ibaraki, Japan) after approval by Drs Yoshiro Nishi and Toshihiko Yanase. COV434 cells, derived from a primary tumor of a 27-year-old patient (18) , harbor the wild-type FOXL2 gene but its expression is low to absent (19) . They originated from ECACC (#07071909, Sigma-Aldrich), kindly provided at passage 2 by Pr Reiner Veitia (Institut Jacques Monod, University Paris 7, France). These two human GCT cell lines are particularly suitable as models of GCT cells since they have genetic and molecular alterations found in GCTs, and they retain characteristics of granulosa cells (17, 20) . Upon receipt, cells were immediately tested for a number of markers found in granulosa cells, such as ERs (Supplementary Figure 1 , available at Carcinogenesis Online), CYP19 aromatase and follicle-stimulating hormone receptor using RT-PCR (reverse transcription-polymerase chain reaction) and/or western blots (data not shown). They were routinely maintained at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM)/F12 containing 10% fetal bovine serum (FBS) and 0.5% penicillin/streptomycin. MCF7 cells were purchased from ATCC in 2010 (HTB-22, generously provided at passage 2 by Dr Ait-Si-Ali, CNRS UMR7216, University Paris Diderot). They were grown in DMEM containing 5% FBS and 0.5% PS. For experiments, cells were cultured in medium without phenol red and charcoal-dextran stripped fetal bovine serum (CD-FBS). Only cells at early passage (<25) were used for the experiments.
GCT cell growth
For MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide) assay, cells were seeded at a density of 1 × 10 5 cells per well in 12-well plates in 10% CD-FBS growth medium. Twenty-four hours later, they received the indicated treatment. At each studied time (0, 24, 48 and 72 h), cells were incubated with MTT (1 mg/ml in Dulbecco's phosphate-buffered saline [DPBS]) for 2.5 h, and then lysed in dimethyl sulfoxide (DMSO 
GCT cell migration
Cell migration was performed as described (21) with some modifications. Before seeding cells, a starting line was drawn in the middle of a well from a 6-well plate with a surgical blade. Cells were seeded at a density of 4 × 10 5 cells/well in complete growth medium. Twenty-four hours later, the medium was replaced by DMEM/F12 medium containing 10% CD-FBS. The day after, cells at the right side of the starting line were swept away with a cell lifter. Cells were gently washed with DPBS, and then 2 ml of DMEM/ F12 medium containing 10% CD-FBS with gelatin (1 mg/ml) were added. Ara-C (10 μM), a selective inhibitor of DNA synthesis was used to prevent cell proliferation. Cells were then treated with the test substance or their respective vehicle (time 0). Migration was monitored by phase-contrast microscopy. For each well, three digital images of the front line were taken at time 0 and 24 h, and the migration distance was established by measuring the distance of the front line at time 0 and 24 h, using Photoshop CS3. Front line at 24 h was defined as a virtual line constituted by at least three aligned cells. Three or more independent experiments were performed.
Matrigel invasion
The day before the assay, the growth medium was replaced by serum-free medium. Transwell inserts were rehydrated with DMEM/F12 containing 0.2% CD-FBS, coated with 100 μg Matrigel and then left at 37°C for 24 h. On the day of the experiment, they were rinsed with DMEM/F12 containing 0.2% CD-FBS. Bottom wells were filled with 10% CD-FBS DMEM/F12 medium. KGN cells were harvested by mild trypsinization and seeded at a density of 2 × 10 5 cells/transwell in 0.2% CD-FBS DMEM/F12 medium in the presence of the indicated drugs (time 0). After 4.5 h, cells were rinsed in DPBS and then fixed in 4% paraformaldehyde for 20 min at room temperature. They were rinsed in DPBS and their nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI). Cells located on the inner side of the transwell (non-invading cells) were removed with a cotton swab. Membranes were detached from transwells with a surgical blade and mounted on glass slides to observe the invading cells on the outer side of the transwell with a fluorescence microscope (Nikon Eclipse 90i). For each transwell, three different fields were photographed at ×10 magnification. Cell counting was performed using ImageJ software (NIH, 1.64 version).
Western blot
Cells were seeded at a density of 1 × 10 6 cells per 60-mm Petri dish, or at 5 × 10 5 cells par well in 6-well plates and grown in DMEM-F12 with 10% FBS. After 24 h, they were incubated in a phenol red-free medium with 10% CD-FBS for at least 24 h. Cells were then incubated with different treatments for the indicated times. Whole cell lysates were prepared as described previously (22) . Membranes were incubated in 10% milk for 15 min and incubated overnight with primary antibodies at 4°C. The following day, they were incubated with an anti-rabbit horseradish peroxidase-linked IgG antibody (dilution: 1/3000) for 2 h. Proteins were detected by chemiluminescence with enhanced chemiluminescence using charge coupled device camera (LAS 4000, FujiFilm). The ratios of phosphorylated to total levels of proteins were established by quantification with ImageJ software.
GPER1 subcellular localization by confocal microscopy
Cells were seeded in 8-well Labtek chambers at a density of 4 × 10 4 cells per well. After 24 h, the medium was replaced by phenol red-free medium with CD-FBS for 24 h. Cells were incubated overnight at 4°C with rabbit anti-GPER1 antibody (Sigma, 1/100) alone or in the presence of mouse anti-calnexin (1/1000) antibody diluted in phosphate buffered saline with bovine serum albumin 1%-triton 0.1%. After rinsing with phosphate-buffered saline, cells were incubated with secondary mouse and rabbit antibodies coupled to fluorochromes (dilution: 1/3000). GPER1 immunostained cells were incubated with phalloidin-fluorescein isothiocyanate (dilution: 1/100) for 1 h to visualize actin cytoskeleton. Nuclear staining was obtained after staining with DAPI. Images were captured using a motorized confocal laser scanning microscope (LSM 700; Carl Zeiss SAS, Le Pecq, France).
Hemagglutinin (HA)-GPER1 transfection and immunofluorescence
Cells were seeded at a density of 6 × 10 4 cells per well in 8-well Lab Tek chamber slide. On the next day, they were transfected with 150 ng of the backbone pTL1-HA-mcs1 or pTL1-HA2-GPER1 using lipofectamine 2000 (ratio 1:3) and OptiMEM. Transfections were conducted according to manufacturer's instructions. After 6 h, transfection medium was replaced by phenol red-free medium, containing 10% FBS and 0.5% penicillin-streptomycin. On the next day, cells were processed for immunofluorescence. After washing in DPBS, cells were fixed for 20 min in 4% paraformaldehyde at room temperature. They were then permeabilized during 30 min with phosphate buffered saline with bovine serum albumin 1%-triton 0.1%. For HA-GPER1 immunodetection, cells were incubated overnight at 4°C with rabbit anti-GPER1 antibodies (Sigma or LS4271 at a 1/100 and 1/500 dilution, respectively) and mouse anti-HA antibody (dilution: 1/200). The next day, cells were rinsed and incubated for 2 h with anti-mouse and anti-rabbit secondary antibodies (dilution: 1/1000). They were then stained with DAPI, mounted on a glass slide and observed under a fluorescence microscope (Nikon Eclipse 90i).
GPER1 silencing
KGN cells were transfected by electroporation (Neon system, Invitrogen Corp.) using GPER1-specific and negative control shRNAs, following manufacturer's instructions. Briefly, 6 × 10 5 cells were mixed with 1 µg linearized plasmids and electroporated at 1500 V for 30 ms using 100 µl Neon Tips (#MPK1009). They were then seeded in a well of a 6-well plate. Six hours after electroporation, they were incubated in 10% FBS growth medium. Two days after transfection, cells were diluted 10-fold in 24-well plates in selecting 10% FBS growth medium containing 0.2 µg/ml puromycin. They were cultured for 6 weeks in selecting medium. Two different negative control and two shGPER1 stable cell clones were used for the experiments. Efficient knockdown of GPER1 was checked by real-time RT-PCR, as described in Supplementary Materials and methods, available at Carcinogenesis Online.
Tumor samples, TMA and GPER1 immunohistochemistry
The adult GCTs included in this study were independently reviewed by two different pathologists and were collected through the National Rare Ovarian Tumor Observatory (TMRO) developed by the Group of National Investigators for Ovarian Cancer Studies (GINECO) (23) . Analysis of FOXL2 C402G mutation was assessed, as described (8) .
The expression of GPER1 was assessed following two criteria: staining intensity (0: no staining; 1: weak; 2: intermediate; 3: strong) and percentage of stained cells. The immunoreactivity score was obtained by multiplication of staining intensity and percentage of stained cells. Additional information can be found in Supplementary Materials and methods, available at Carcinogenesis Online.
Statistical analyses
All data were analyzed using Prism 6 (version 6.0, GraphPad Software). In cell-based studies, statistical analyses were performed using Student's t-test and one-or two-way analysis of variance depending on the experimental setting. The data of TMA were analyzed using Student's t-test and Pearson correlation. When appropriate, data are shown as means ± SEM. A two-tailed P value < 0.05 was considered as significant.
Results
17β-estradiol has no effect on cell growth, but it inhibits the migration and invasion of metastatic granulosa cells
We first examined the possible effect of E2 on the growth of two human ER-positive GCT cell lines, ie COV434 and KGN cells established from a primary tumor and a metastatic recurrence, respectively. No effect of E2 (10 n M) was observed on both cell lines after 24, 48 or 72 h by MTT assays ( Figure 1A a and b) . Either lower (100 pM) or higher doses of E2 (up to 1 μM) did not induce any change in cell growth (data not shown). Similar results were obtained when cells were numerated with an automatic cell counter (data not shown).
We next assessed the possibility that E2 could alter the migration of GCT-derived cell lines, by performing bi-dimensional horizontal migration assays ( Figure 1B) . In control conditions, we observed that metastatic KGN cells had the ability to migrate, whereas the primary tumor-derived COV434 cells did not ( Figure 1B a and b) . Importantly, E2 induced a significant decrease in KGN cell migration after 24 h, with a reduction of ~25% in their migration distance (Figure 1Bb and c) . To test the effect of E2 on the capability of KGN cells to invade, we performed invasion assays using matrigel-coated transwells. In control conditions, KGN cells could efficiently invade the matrix to migrate through the pores of the transwell, as illustrated in Figure 1Ca . E2 treatment impaired KGN cell invasion as shown by the significant reduction of ~40% in the number of invading cells (Figure 1Cb ).
17β-estradiol regulates the activity of ERK1/2 through non-genomic actions
We next searched for the molecular mechanism underlying E2 action in metastatic granulosa cells. Previous works have shown that in GCT-derived cell lines including KGN cells, endogenous or transfected ERα and ERβ are unable to transactivate an estrogen-responsive reporter construct in luciferase assays (14) . We, thus, examined whether E2 could mediate its action on cell migration and invasion through rapid, non-genomic regulation of kinase pathways. In particular, we studied the activity of the mitogen-activated protein kinase (MAPK) and phosphatidyl-inositol 3 kinase (PI3K)/Akt pathways, which are rapidly regulated by ERs in a number of cell lines such as in the breast cancer MCF7 cells (24) (25) (26) used as controls in the present study.
KGN and MCF7 cells were treated for 10 and 60 min with or without E2, and the activity of MAPK and PI3K/Akt pathways was analyzed by western blots with antibodies recognizing the phosphorylated and total (phosphorylation state-independent) forms of MAPK family members, ie ERK1/2, p38 and c-jun N-terminal kinase (JNK), and of a downstream target of PI3K, ie Akt. In KGN cells, there was a ≈30% decrease in the phosphorylation of ERK1/2 protein levels after 10 and 60 min of E2 treatment, whereas there was no alteration in total ERK1/2 abundance ( Figure 2Aa) . Concomitantly, there was no change in the ratios of phosphorylated to total levels of p38 MAPK (Figure 2Ab ). Phosphorylated JNK could be barely detected in KGN cells (data not shown). No change in the ratios of phosphorylated to total Akt was detected (Figure 2Ac ). Consistent with previous observations, in MCF7 cells there was a rapid increase in the ratios of phosphorylated to total ERK1/2 protein levels and of those of p38 MAPK upon E2 treatment (Supplementary Figure 1A Time course studies were performed in KGN cells to evaluate the alterations in ERK1/2 activity occurring after E2 treatment. The decrease in ERK1/2 activity was apparent as soon as 5 min of E2 incubation treatment and lasted up to 24 h ( Figure 2B ). We also assessed whether E2-mediated repression of ERK1/2 activity occurred via inhibition of the Ras/Raf pathway. To address this question, we studied by western blot the activity of MAP ERK kinases 1/2 (MEK1/2), which drive ERK1/2 phosphorylation in this signaling pathway. Interestingly, there was no change in MEK1/2 phosphorylation after E2 treatment ( Figure 2C 
Pharmacological inhibition of ERK1/2 activity by U0126 reduces cell migration and invasion of metastatic granulosa cells
Constitutive activation of ERK1/2 signaling pathway has been previously reported in GCTs (27) . However, to our knowledge the effect of ERK1/2 inhibition in GCT cell lines on their capability to migrate or to invade has never been evaluated. To determine whether the decrease in ERK1/2 activity in metastatic KGN cells could lead to the reduction of their migration and invasion capabilities, we studied the effect of selective ERK1/2 repression by the MEK1/2 inhibitor U0126. As expected, there was a dose-response effect on the ratios of phosphorylated to total ERK1/2 levels studied by western blot ( Figure 3A) . Bi-dimensional horizontal migration assays showed that this reduction in ERK1/2 activity was accompanied by the decrease in KGN cell migration, becoming significant at 10 and 20 μM ( Figure 3B) . A marked decrease in Matrigel invasion was also visible, even at a low concentration of Figure 3C ). These results, thus, indicate that ERK1/2 signaling could drive the spreading of metastatic granulosa cells.
E2-induced ERK1/2 repression is not mediated by ERα or ERβ but it involves GPER1
To determine which ER mediates E2 actions in metastatic granulosa cells, we conducted a number of cell-based and molecular studies. First, we examined the expression of ERα and ERβ by immunofluorescence and found both receptors to be expressed in KGN cells ( Figure 4A) . We treated cells with agonists of ERα and ERβ, PPT (1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole) and DPN (2,3-bis(4-hydroxyphenyl)propionitrile), respectively, which are reported to mediate both non-genomic and nuclear E2 actions (28) . None of these two agonists could reproduce the inhibitory action of E2 in KGN cells on migration and invasion capabilities as well as on ERK1/2 activity (Figure 4B-D) . We also evaluated the effect of E2 on Matrigel invasion when cells were pretreated with specific ERα and ERβ antagonists, namely MPP dihydrochloride (1,3-bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride; 10 nM) and PHTPP (4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a] pyrimidin-3-yl]phenol; 100 nM), respectively. None of these treatments could efficiently prevent E2 action in these cells ( Figure 4E ). Altogether, these data showed that neither ERα nor ERβ is involved in E2-induced repression on cell migration and invasion in these cells.
We next investigated the possibility that E2 could mediate its action via GPER1 (16) . This receptor, which belongs to the GPCR family, is known to mediate E2 action by regulating the activity of PI3K and ERK1/2 pathways (16, 29) .
In line with previous observations in other cell lines (16, 30) , our confocal immunofluorescence microscopy studies revealed that in KGN cells GPER1 was present in the perinuclear region, indicating the preferential localization of the receptor in the cytoplasm (Figure 5Aa ). Double immunostaining with an antibody recognizing calnexin, a reticulum endoplasmic marker, showed that GPER1 co-localized with this organelle (Figure 5Ab ). In cells expressing HA-tagged GPER1, a complete overlapping between anti-HA staining and two distinct commercial anti-GPER1 antibodies was observed, confirming the reliability of these antibodies (Figure 5Ac , and data not shown). Western blot assays to detect GPER1 in KGN cells yielded several bands (Figure 5Ad ), as shown in other cell lines (31) . The band at ~38-40 kDa corresponds to the theoretical molecular weight of the receptor, whereas the higher bands at ~57 and 64 kDa may correspond to N-glycosylated forms of GPER1.
To determine whether GPER1 could mediate the inhibitory E2 action on metastatic GCT cell migration and invasion, we took advantage of selective modulators of GPER1 activity, the agonist G-1 (32) and the antagonist G15 (33) . G-1 treatment did not affect KGN cell growth (Supplementary Figure 2 , available at Carcinogenesis Online), but it induced a ~20-30% decrease in their migration, as shown in bi-dimensional horizontal migration assays (Figure 5Ba) . Pretreatment with the GPER1 antagonist G15 prior to E2 treatment totally abolished E2-induced repression on KGN cell migration (Figure 5Bb ). We also assayed the effect of GPER1 signaling on extracellular matrix invasion. We found that G-1 significantly reduced Matrigel invasion, whereas pretreatment with G15 prior to incubation with E2 efficiently prevented the inhibitory action of E2 (Figure 5Ca and b) . We then studied the possibility that GPER1 signaling could mediate E2 action and regulate ERK1/2 activity. To address this question, time course studies of ERK1/2 phosphorylation after treatment with G-1 were performed. The activity of ERK1/2 was consistently decreased from 5 min to 24 h (Figure 5Da ), as observed with E2 (Figure 2Ba ). In contrast, pretreatment of cells with G15 totally prevented E2-induced ERK1/2 repression (Figure 5Db) .
To further ascertain the involvement of GPER1, we examined the effect of E2 treatment on the invasion capabilities of KGN cells wherein the expression of GPER1 has been silenced using shRNAs. The shRNA controls did not affect the cell response to E2, since the treatment reduced cell invasion by ≈30% ( Figure 5E ). In contrast, the inhibitory effect of E2 on cell invasion was lost in the two shG-PER1 cell clones. Overall, these data support the involvement of GPER1 in mediating E2 action in metastatic granulosa cells. and two shGPER1 clones were treated with the vehicle (CTR: DMSO) or with E2 (10 nM) for 4.5 h. Shown are the means of the number of invading cells/field ± SEM, as described in Materials and methods. *P < 0.05 versus control, **P < 0.01 versus control, ***P < 0.001 versus control; NS, not significant.
GPER1 is expressed in GCTs at early and advanced stages of the disease
Collection of human sex-cord stromal tumors samples and preparation of TMAs provided us with the opportunity to analyse GPER1 expression in 59 adult GCTs. To confirm the diagnosis of adult-type GCTs, all samples were also tested for the presence of the FOXL2 nucleotide C→G mutation at position 402 (Cys134Trp mutation), which is specifically found in this form of tumor (2, 7) . Only samples with mutated FOXL2 were subsequently analysed for GPER1 expression. Clinical data including age at surgery, tumor stage, recurrence and duration of follow-up could be obtained for 29 of these patients. Median age at diagnosis was 50.5 years (24.3-75.1 years old). The follow-up of most patients was relatively short in duration (median: 1.9 years), and no patient died of her disease. Twenty-one samples were obtained from initial diagnosis (first surgery), whereas eight were from recurrent GCTs. About 90% of GCTs expressed GPER1 (Supplementary Table 1 , available at Carcinogenesis Online). Samples usually displayed more than 60% of immunostained cells, suggesting that a majority of tumoral granulosa cells displayed E2 receptivity through GPER1. GPER1 staining was essentially observed in the cytoplasmic compartment (Figure 6Ab ). Interestingly, nuclear staining could also be found in a subset of tumors diagnosed at an early stage (Supplementary Table 1 , available at Carcinogenesis Online).
There was no significant difference in the GPER1 immunoreactivity score between tumors collected at the time of either initial diagnosis or recurrence ( Figure 6B ). In addition, no significant correlation could be found between the stage of the tumor and the GPER1 immunoreactivity score (P = 0.59, data not shown). However, there was an inverse relationship between tumor size and GPER1 immunoreactivity score, with lower staining being observed in bigger tumors ( Figure 6C ; Pearson correlation r = −0.38; P = 0.0431).
Discussion
GCTs are characterized by their long natural history and their tendency to recur years after initial diagnosis. The main treatment is surgery, and the benefits of adjuvant, postoperative chemotherapy remain unclear. It is, thus, critical to uncover the molecular mechanisms involved in this pathogenesis in order to discover drugs that will efficiently treat patients. Although it was reported more than 2 decades ago that most GCTs produce high amounts of E2, the possible role of this hormone in this pathogenesis is still not clear. In this study, we found that E2 may play an important role in GCT progression by limiting metastasis spreading. Furthermore, we identified GPER1 as the receptor mediating E2 actions in these tumors.
Our cell-based studies with tumoral granulosa cells derived from primary tumors or from metastases showed that E2 had no effect on GCT cell growth. However, E2 significantly decreased migration and extracellular matrix invasion of metastatic granulosa cells. No such effects were observed with the primary tumor-derived granulosa cell line that does not have the capacity to migrate in vitro. Therefore, how estrogens would mediate their actions in metastatic granulosa cells was investigated. Because genomic E2 actions via ERs is not operative in GCT cells (14), we sought the possible contribution of non-genomic mechanisms. Indeed, these past years it has become apparent in cell-based studies but also in vivo that estradiol initiates nongenomic responses via ERs to regulate intracellular signaling pathways (for review see (15)). As these effects occur in a time frame (a few minutes) that is too rapid to be mediated by the biosynthesis of RNAs or new proteins, they can be distinguished from genomic actions. Importantly, our molecular studies of both MAPK and PI3K/Akt pathways revealed that E2 rapidly and specifically downregulated the phosphorylation levels of ERK1/2 in metastatic KGN cells. Aberrant overactivation of ERK1/2 has been reported in a wide array of cancers, including GCTs (27) . ERK1/2 stimulates cell motility by regulating the expression and/ or the activity of proteins involved in cell adhesion, cell motility and matrix remodelling (34) . The present report indicates that this pathway is also crucial in regulating metastatic granulosa cell spreading, since its inhibition by either E2 or with a MEK1/2 inhibitor led to decreased KGN cell migration and extracellular matrix invasion.
The next step of our study was to determine which ER mediates E2 action in metastatic granulosa cells. Because our pharmacological studies with specific ER agonists and antagonists indicated that E2 actions were not ERβ-or ERα-mediated, we considered the contribution of the seven-transmembrane G protein-coupled receptor, GPER1. Whereas the rapid signaling events initiated by estrogens were initially ascribed solely to the classical estrogen receptors ERα and ERβ, during the past few years novel ER capable of mediating non-genomic actions have been identified such as GPER1 (35) . In the present study, we report that this receptor was expressed in the endoplasmic reticulum region of metastatic granulosa cells, as described for other cell lines (16, 30) . To investigate the possibility that GPER1 could mediate estrogen effects in metastatic granulosa cells, we performed cell-based and molecular studies using selective agents that do not bind classical ERs but that targets GPER1, namely the G-1 agonist and the G15 antagonist. Treatment with G-1 treatment fully reproduced the described inhibitory effect of E2 in these cells, whereas pretreatment with G15 led to its complete suppression. Besides, GPER1 silencing using shRNAs led to the loss of E2 inhibitory action. Altogether, these experiments indicate that in metastatic GCT cells, E2 mediates its action through GPER1 and not by the classical ERs.
We presently do not know how E2 acts through GPER1 in metastatic granulosa cells. It is commonly admitted that stimulation of GPER1 activates epidermal growth factor receptor, leading to downstream activation of signaling molecules such as PI3K/Akt and ERK1/2 via Ras/Raf. Noteworthy, we observed that E2-induced repression of ERK1/2 activity occurred independently of Ras/Raf upstream signaling, since there was no change in the activity of MEK1/2 upon E2 treatment. Whereas the mechanisms underlying ERK1/2 regulation by E2 is not clear at present, we suspect that in these cancer cells E2 may regulate the activity of protein phosphatases dephosphorylating ERK1/2, such as MAPK phosphatases. Importantly, observations that GPER1 signaling leads to ERK1/2 repression have also been reported in vascular smooth muscle cells (36) and in the uterus (37) . Additional molecular studies should bring clues to understand this alternative mode of GPER1 signaling.
Immunohistochemistry on TMA confirmed GPER1 expression in ~90% of GCTs collected at early or advanced stages of the disease, suggesting that E2 may well regulate this pathogenesis through GPER1 signaling. However, because there was an inverse relationship between the size of the tumor and GPER1 immunoreactivity, with bigger tumors expressing lower levels of GPER1, we suppose that E2 receptivity may decrease when the tumor grows in size. Because GCTs are relatively rare ovarian tumors that may recur years after surgical ablation (1), collecting GCT samples and clinical data from patients is challenging. In our study, patient follow-up was relatively short (~2 years) in view of the usual time frame of relapse (~10 years), and thus it was impossible to determine whether the level of GPER1 expression could be, as one may hypothesize from our study, associated with a better prognosis. On the other hand, each patient has a specific endocrine status in view of circulating E2 levels, menopausal status and use or not of hormone replacement therapy/contraceptives, and therefore such conclusions would require complex multiscale analyses integrating these parameters.
In conclusion, our work suggests that estradiol prevents the spreading of metastases from GCTs by repressing ERK1/2 activity via non-genomic mechanisms involving GPER1. Therefore, in contrast to other malignant tumors such as that of the breast (38,39), our cell-based studies suggest that GPER1 may act as a tumor suppressor in GCTs. The use of anti-estrogen therapy, including aromatase inhibitors is now common in the treatment of hormone-related cancers. It has also been tested on patients with recurrent GCTs (40) . However, the therapeutic value of such a treatment in this disease has not been established yet, because only small-scale studies have been performed so far. In addition, the mechanisms of aromatase inhibitor action remain unclear. Indeed, besides lowering estrogen levels, aromatase inhibitors can lead to increase androgen levels, which could contribute to their therapeutic efficacy in androgen receptor positive cases (41) . The present report reveals the interest of exploring in the near future the potential benefit of adjuvant treatments with selective modulators of GPER1 activity in patients with advanced GCTs. Further investigations on preclinical cell and animal models of GCT would be of great interest to uncover the complex picture of hormone actions in these endocrine cancer cells.
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